We report a novel optical injection-locking configuration using a directly-modulated master VCSEL to injection-lock a slave VCSEL. We demonstrate an interesting RF modulation response for the modulated master laser. An RF gain up to 30 dB is attained for frequencies greater than a certain critical frequency f c , which is ~10 GHz here and increases with the injection power. In addition, an RF phase change of 2π is achieved above f c by varying the wavelength detuning. The slope of the phase-frequency curve represents an equivalent slow or fast light attained through the slave laser. We incorporate an amplifier model to explain this novel modulated-master injection-locked VCSEL configuration. Simulations show good qualitative agreement with the experimental results.
Introduction
For over twenty years, optical injection locking (OIL) has been studied for a wide range of applications in optical communications, optical signal processing and microwave photonics [1] [2] [3] . Typically, the injection locking configuration uses one continuous-wave (CW) operated laser as the master laser to optically lock a second directly-modulated slave laser. With the assist of the CW external light injection from the master laser, various direct modulation characteristics of the slave laser can be greatly improved, including a reduced frequency chirp leading to an improved digital transmission [4] , a significant increase of the modulation frequency response [5] , and greatly reduced non-linear distortion [5] .
In this paper, we explore a novel OIL scheme using a directly-modulated master laser and a CW slave laser. By modulating the master rather than the slave laser, we report the influence of an injection-locked slave laser on the direct modulation characteristics of the master laser for the first time. We demonstrate that an RF gain up to 30 dB is achieved for a modulation frequency higher than a critical frequency f c , which is approximately 10 GHz here and can be increased with injection power. A full 2π phase shift is also achieved above f c within a bandwidth of several GHz, which is effectively a slow/fast light medium and potentially useful to achieve tunable RF delay as well as optical delay. 
Experiment
The experimental setup is shown in Fig. 1 . Two 1.55-µm VCSELs [6] are used in the experiment as master and slave lasers. A polarization maintaining (PM) erbium-doped fiber amplifier (EDFA) is used to adjust the power of the master VCSEL. The master VCSEL, directly modulated by a network analyzer (HP 8270B), injection-locks the slave VCSEL through a PM fiber circulator. A small amount of the output light goes into an optical spectrum analyzer (OSA) to monitor the locking process, while the majority of the light goes to a receiver and then back to the network analyzer. Therefore, the small-signal amplitude and phase frequency response (S21 in both amplitude and phase formats) of a modulated-master OIL VCSEL are measured.
The amplitude response at various wavelength detuning values (Δλ = Fig. 2 . Figure 2(a) shows the raw data taken by the network analyzer. The black curve shows the unlocked master frequency response including all parasitics, which lead to an overall roll-off at frequencies > 6 GHz. The modulated-master OIL VCSEL frequency response is shown at different Δ λ , and color-coded as Δ λ increases (the master moves from the blue to the red side relative to the slave wavelength). A dip is observed at a critical frequency f c , which is 9.2 GHz in this injection power condition, and followed by a peak at a higher frequency, ~13 GHz. As Δ λ is increased, the depth of the dip first increases with detuning until a certain value (0.206 nm in this case), and subsequently decreases with further increasing detuning. The peak, on the other hand, drops monotonically with increasing Δ λ . To better illustrate these features induced by injection locking; these frequency response curves can be simply calibrated by subtracting out the unlocked master laser S21 response. The calibrated response is shown in Fig. 2 (b). More pronounced dips and gain peaks can be seen. Gain as high as 18 dB is demonstrated at this injection power level. . Amplitude and phase change response of a modulated-master OIL VCSEL at a fixed detuning but at three different injection power levels. RF gain and phase change is possible for even higher frequencies with higher injection power levels. Figure 3 shows the corresponding phase change response of the same modulated-master OIL VCSEL. Phase change response presents the locked phase response calibrated with the unlocked one, thus showing only the phase shift induced by injection locking. An interesting feature is that at f c , a phase change, φ, flip occurs at the detuning value corresponding to the maximum dip. At frequencies greater than f c , a phase shift of 2π can be achieved over a bandwidth as large as 8 GHz. The phase change can also be easily tuned by just simply tuning Δ λ between the master and the slave laser. The slope of the phase change response curve, dφ/dω, represents the delay time τ. Centered at f c with a frequency bandwidth of 2 GHz, dφ/dω changes from negative (0.2 ns) to positive (-0.2 ns) value with increasing the detuning. Hence, effectively, we can tune the slave laser medium from a slow to a fast light medium, with a total delay of ~0.4 ns. Since the VCSEL contains 5×6-nm quantum wells (QWs) and the slow/fast light effects occurs in the active region, a slow down factor S (speed up for the fast light case) can be obtained as large as 2×10 6 . For frequencies above f c , dφ/dω is always negative, which always results in slow light with an effective S~4×10
5
. The slow/fast light effect shown here is different from those using semiconductor optical amplifiers where carrier density pulsation was the primary cause for the slow/fast light [7, 8] . However, it is similar to [9] , where the VCSEL was biased below threshold and used as a narrow-band amplifier. Although the slave VCSEL here is biased well above threshold, and under a strong external light injection, it acts like a narrow-band amplifier [10] . In this case, the slow/fast light occurs at a frequency several GHz away from the master laser frequency. Therefore, utilizing it as an optical buffer for a train of light pulses requires subcarrier modulation at or above f c . Nevertheless, the tunable phase shift is also intriguing to achieve a flexible phase control of a narrowband RF signal. Figure 4 shows both the amplitude and phase response at a fixed detuning but various master injection power levels. All the features are still well maintained, while f c increases as the injection power is increased. This shows that RF gain and phase change is possible for even higher frequencies with higher injection power levels. To show that these observations are a general trend of modulated-master OIL VCSELs and not due to any peculiar characteristics of any particular device or artifacts during the measurement, the same experiment is performed using different VCSELs for the master and slave lasers. Table 1 shows the amplitude and phase change response for three different device combinations at various injection power levels as well as detuning values. All of them show similar features and behaviors with detuning.
For the case of VCSEL 4 as master laser and VCSEL 5 as slave laser, experiments are also performed at three different power levels -10.70 dBm, -4.65 dBm and -2.27 dBm as shown in Table 2 . At each power level a set of curves for various detuning conditions are presented. All these results show that the features of the frequency response of modulated-master OIL VCSELs are quite repeatable.
RF phase shift can also be measured in the time domain as shown in Fig. 5 . Figure 5 (a) shows the phase change response at two different detuning conditions. The blue one has negative phase shift at frequencies greater than f c , while the green one has positive phase shift. The time-domain measurement is performed by modulating the master laser at single tones 14 GHz, 15 GHz and 16 GHz separately, while keeping the same detuning conditions as shown in Fig. 5(a) . The oscilloscope traces are shown in Fig. 5(b) . The same amount of phase delay and advancement are observed for both cases at those single-tone frequencies as compared with the frequency-domain measurement. 
Explanation and simulation
The experimental results with emphasis on the RF gain, absorption and phase shift flip can be explained by treating the VCSEL as an amplifier under injection-locking condition.
The optical spectrum of a modulated-master OIL laser is shown in Fig. 6 in order to explain the high frequency RF gain peaks. External injection light will enhance the stimulated emission in the slave cavity, thus depleting the carrier density to a level that is below its lasing threshold. Therefore an OIL VCSEL acts like an amplifier while lasing. Since the linewidth enhancement factor couples the gain and the phase in semiconductor lasers, the carrier density reduction will red-shift the slave cavity resonance [10] . Therefore, amplified spontaneous emission from the red-shifted slave cavity can be seen in the optical spectrum on the longer wavelength side to the master mode. When the master laser is modulated by a single tone, it has two sidebands associated with it. If the modulation frequency coincides with the spacing between the master and the shifted cavity resonance, one of the sidebands will get dramatically enhanced by the cavity, thus resulting in the RF gain as shown in Fig. 6 . The increasing of Δ λ further depletes the slave carrier density [10] , which results in a decreasing gain peak.
To explain the dip and its trend as a function of Δ λ on the amplitude response, as well as the phase change response behavior which is usually associated with the amplitude response, a VCSEL amplifier model is used to perform some simulations using transmission matrices as shown in Fig. 7(a) . The simulation is done in the optical domain and CW mode, which means no modulation is involved. A probe beam is incident on an active VCSEL cavity, which is biased below its lasing threshold. The relative intensity and the phase change of the output beam after interacting with the VCSEL amplifier are the quantities of interests. The VCSEL design is the same as in [6] . If we define the electromagnetic field of the probe and the output beam as p and r, Figs. 7(b) and 7(c) shows the simulated relative intensity (|r/p| 2 ) and phase change (arg(r)-arg(p)) as functions of the probe frequency at different amplifier gain levels, respectively.
The simulation results agree with the experimental results very well. First of all, there is a dip in relative intensity spectra. The depth of the dip increases with increased gain initially until a certain value, and subsequently, it decreases with further increase of gain. The phase change response for gain values below and above the turning point also shows a 2π phase change. To connect these optical domain results to the RF signal measurements that are shown previously, modulated master light including two sidebands can be considered as the incident probe beam as shown in Fig. 7(a) . Therefore, the features in the optical domain can be transferred to the RF domain through these sidebands. In addition, the slave laser gain level decreases as The simulation shown here is done in the optical domain only. Modulation sidebands and the influence of the frequency chirp of the master VCSEL need to be included to fully understand the mechanism that causes these features. Both are beyond the scope of this paper and further investigation is currently under way.
Conclusion
We report a novel modulated-master injection-locking scheme under which the high-speed characteristics of a directly-modulated master VCSEL are altered by a slave VCSEL it externally locks. An RF gain as high as 30 dB is obtained for frequencies higher than a certain critical frequency, which depends on the injection power. We provide a qualitative explanation of this behavior with the support of numerical simulations. This interesting behavior may find application as high pass amplifiers in a passive optical network [11] or as tunable RF gain for all-optical communications or switching. We also demonstrate slow and fast light on single-tone signals with total RF phase shift of 2π beyond 10 GHz. This device may be useful for narrow band RF applications, such as phase shifters, phase-array antennas and beam steering. It may be also used as an all-optical time delay in subcarrier-multiplexed networks.
